Introduction
There has been an increased interest in cyclic peptides as potential therapeutic compounds, largely due to their enhanced binding affinity and specificity to G-coupled receptors when compared to their linear equivalents [1] , as well as their increased stability in vivo. Some cyclic peptides of therapeutic value include daptomycin, cyclosporine A, polymyxin, and octreotide.
While clearly of significant value, cyclic peptides may be limited by the difficulty of their synthesis. The ground-state E geometry of the peptide bond limits the peptides from reaching the ring-like conformation that is necessary for cyclization [2] . Additionally, oligomerization often occurs as a side reaction during macrocyclization. These obstacles for synthesis have previously thwarted the development of novel therapeutic macrocycles and prevented the establishment of cyclic peptide-based libraries. Previously, few studies have been reported where cyclic peptide libraries have been used to identify ligands which may be of therapeutic interest [3] . A majority of the cyclic peptide libraries described were constructed by phage display strategies rather than de novo chemical synthesis [4] . Given this, the necessity of a simple synthetic strategy for the synthesis of cyclic peptide libraries is evident.
We have previously described an imidazole-promoted cyclization approach for synthesizing cyclic peptides from their fully unprotected linear peptide thioesters [5] . This method was shown to be highly efficient for the synthesis of cyclic peptides ranging from 5 to 11 amino acid residues. Additionally, this method of imidazole-promoted cyclization minimized the oligomerization side reaction. In our pursuit of new potent ligand tools for opioid receptors, we designed, synthesized, and screened a fluorescent anthraniloyl labeled cyclic peptide library in the positional scanning format using the imidazole-promoted cyclization method.
Results and Discussion
Boc-amino acids were coupled on the resin by using the PyBOP/DIEA activation method. Glycine was defined at the first position as R1=H. 19 L-and 17 D-amino acids were used as a mixture at the second and fourth positions as R2 and R4. 19 Lamino acids were used as a mixture at the fifth position as R5. A Boc-Dap(Alloc) was incorporated into the linear peptide at the third position. Its side chain was reacted with 2-nitrobenzoic acid to form a resin bound peptide. After being reduced by SnCl2 and treated with anhydrous HF, the linear anthraniloyl fluorescent peptide was cyclized in a mixture solution of 1.5 M aqueous imidazole and acetonitrile (1:7 in volume) at a concentration of 1 mM for 72 h, resulting in the fluorescent cyclic peptide (Scheme 1). The mixture library was screened at the δ-opioid receptor. Sprague-Dawley rat brains, with cerebellums removed, were homogenized using 50 mM DPDPE buffer, pH 7.4, and centrifuged at 16,500 rpm for 10 min. The pellets were resuspended in fresh buffer and incubated at 37°C for 30 min. Following incubation, the suspensions were centrifuged as before, the resulting pellets resuspended in 100 volumes of DPDPE buffer, and the suspensions combined. Membrane suspensions were prepared and used on the same day. Each assay tube contained 0.5ml of membrane suspension, 2.7nM [ 3 H] DPDPE, 1 mg/ml compound, and 50 mM DPDPE in a final volume of 0.65ml. The assay tubes were incubated for 2.5hrs at 25°C. Unlabeled DPDPE was used as a competitor to generate a standard curve and determine nonspecific binding. The reaction was terminated by filtration through GF-B filters on a Tomtec Harvester 96 (Orange, CT). The filters were subsequently washed with 6ml of 50mM DPDPE buffer, pH 7.4. Bound radioactivity was counted on a Wallac Betaplate Liquid Scintillation Counter (Piscataway, NJ). Synthetic Approach to Anthraniloyl (Ant) Labeled Cyclic Penta-Peptide. As described in our previous studies [6] , the anthraniloyl group was chosen as our extrinsic fluorescent probe because of its well characterized features, such as a high quantum yield at 415nm (excitation at 330nm) for its small size and hydrophilicity, as well as the tendency of its fluorophore to not affect the overall structural characteristics of a peptide or interfere with its biological activity. The synthetic strategy for the anthraniloyl-labeled peptide is illustrated in Scheme 1. The anthraniloyl group is generated by coupling of an o-nitrobenzoic acid to an amino group of the peptide, followed by reduction with tin chloride(II). This reduction is mild under near neutral conditions, and is suitable for use with both Boc-and Fmoc-chemistry [7] . Synthesis and Deconvolution of a Positional Scanning Synthetic Combinatorial Library of Anthraniloyl-Labeled Cyclic Peptides. The synthetic strategy described in scheme 1 was applied to the construction of an anthraniloyl-labelled cyclic pentapeptide library in the positional scanning format [8] . Position 1 was fixed with glycine to ensure efficient cyclization [5] . Position 3 was fixed with 2,3-diaminopropionic acid. Its 3-amino was coupled with the fluorescent anthraniloyl-group. This library was composed of three sublibraries, in which each of the three positions (2, 4, or 5) were defined with either a single amino acid (O) or a mixture of amino acids (X). For each of the three sublibrary mixtures, the two remaining positions were made up of a mixture of amino acids (X). Positions 2 and 4 contained 36 Land D-amino acids, while position 5 contained 19 naturally occurring L-amino In total, this library contains 24,624 individual headto-tail cyclic pentapeptides. The anthraniloyl-labeled cyclic pentapeptide library was screened in a competitive radio receptor binding assay for the delta opioid receptor. Because of the abundance of imidazole remaining in each mixture, the effect of imidazole on the delta opioid receptor binding assay was tested prior to screening of the library. This experiment determined that 1mg/mL (14.7mM) imidazole did not have a significant effect in the binding assay. Thus, it was shown that imidazole at this concentration exhibited negligible inhibition.
Each mixture in the library was screened at a concentration of 1mg/mL. The screening results for the delta selective binding assay are shown in Chart 1. Several mixtures at each position exhibited percent inhibitions above that of the all X mixture in which all cyclic peptides are present as a single mixture (all X). One mg/mL imidazole was demonstrated not to have a significant effect in the binding assay, exhibiting negligible inhibition.
When a cutoff value of 45% inhibition was used, the most active amino acids for the mixture making up position 2 were L-Trp, D-Leu, D-Met, and D-Phe; at positon 4 they were D-Tyr, L-Arg, D-His, L-Tyr, and L-Trp; while L-His and L-Trp were the most active at position 5. IC50 values were not required to differentiate activities in this case because the percent inhibitions observed were on the linear portion of the competition curve (i.e., between 20 and 80% inhibition). Individual Peptides from the Cyclic Library. A total of 40 individual peptides were synthesized in parallel by the combination of the most active amino acids identified at the three positions 4×5×2 (as shown in Table 1 ). The individual peptides were tested prior to purification in the binding assay for the delta opioid receptor. The results for the most active crude compounds are shown in Table 2 .
Two individual cyclic peptides, #3 and #7, exhibited significant delta receptor activity and were selected for further purification. Following purification, delta and mu opioid receptor binding assays were performed to determine selectivity of the individual peptides (data shown in Table 3 ). Determination of the Structure of the Most Active Compound. The HPLC profile of the active purified peptide #3 actually showed two peaks having an identical mass weight that matched the desired cyclic product. This is caused by the head-to-tail and side chain-to-tail cyclization when R 4 is D-Lys (as shown in Scheme 2), as our previous studies have shown that the imidazole-promoted cyclization is not regioselective when Lys is an internal residue. 
Conclusion
We have identified a cyclic peptide which exhibits delta selective opioid binding. In addition to this selective cyclic peptide, a novel linear peptide of interest (peptide 7) was also synthesized which may prove equally selective and promising (Table 3) . Assays are currently being performed to determine the selectivity of these peptides in the kappa opioid receptor as well.
These selective peptides are of great interest for use in FRET assays. While we were unable to purify other cyclized products, the use of these peptides in FRET experiments is still possible regardless of their structure, as the fluorescent tag is exposed in either conformation. The availability of selective opioid peptides with fluorescent tags allows for their use in innovative kinetic and binding studies in situ.
